Abstract: Treated as a valuable resource, municipal sludge, often today referred to as biosolids, is processed through a variety of novel unit operations leading to a safe, aesthetically pleasing, and sought-after product. The design engineer is concerned first with the ultimate disposal and utilization of the biosolids, providing at least two options for the final disposal. Volume reduction, stabilization or vector attraction reduction, and pathogen inactivation are the key goals; process trains combining them into one unit process are the target technologies. Drying and pelletization are now being applied at much smaller plants because of the introduction of indirect dryers, which have fewer air pollution problems than the direct dryers still used at some larger plants. Stabilization of biosolids in newer plants is more often combined with disinfection at thermophillic temperatures, in anaerobic and particularly in aerobic regimes. For the smallest plants, dewatering is now available in drying bags or vacuum drying beds, and larger plants benefit from an array of new devices offering sludge cakes as dry as 22 to ³40% total solids. The ultimate dryness will depend on the quality of sludge, polymer conditioning program, and machine parameters. Emphasis on cost reduction, with simultaneous demand for an excellent quality end product, calls for innovative and case-specific solutions that go beyond the treatment plant and also address the quality of industrial-commercial discharges to the municipal sewers.
process, providing volatile fatty acids for carbon-deficient systems, and the final product is perhaps one of the best sources of an agricultural soil conditioner and a source of slow-release nutrients and microelements.
Regulations defining biosolids quality are slowly being developed in Canada and the European Union, with all countries capitalizing on the pioneering regulation developed in the United States. Among other requirements, the U.S. Environmental Protection Agency (USEPA) has delineated pathogen standards under the Resource Conservation Recovery Act (RCRA), Subtitle D, 40 CFR Part 503 pathogen requirement (USEPA 1994) . These pathogen requirements are based on performance standards for two classes of pathogen reduction: class A (PFRP, a process to further reduce pathogens) and class B (PSRP, a process to significantly reduce pathogens). All sludges which are to be land applied must meet the requirements of one of the two classes. Class B biosolids include use and site restrictions, and class A biosolids have no restrictions on use. All sludges (biosolids) that are to be sold or given away must meet class A requirements. The process criteria for disinfection under rule 503 regulations are specific for each stabilization-disinfection process. Although there is significant criticism levelled at the USEPA from various sources, better regulations have not emerged from any other source to date.
The objective of this presentation is to discuss the current state-of-the-art in sludge management from the standpoint of achieving the desired quality for final disposal. This paper concentrates on current and future trends, emphasizing technologies and practices that generate at least class B and, in some cases, class A biosolids. With a large land base, most municipalities in Canada will be opting for some type of land disposal. In the United States 63% of biosolids were land applied in 1998, with the number expected to reach 66% in 2005 and 70% in 2010. The authors expect similar trends in Canada.
Process choice and final disposal options
The array of unit processes available to today's design engineer is overwhelming. Although many vendors claim superior process yields (e.g., biogas in anaerobic digestion with solids pre-treatment) or final total solids (TS) content in dewatering, there is very little in the literature that compares the processes side by side in large pilot or full-scale studies. Almost no costs comparisons are available, leaving the consultant to the processes he or she is most familiar with. The main difficulty is that, at every step of the sludge train, there are choices and the unit costs differ based on location and the size of the facility. Figure 1 attempts to present most of the processes available today (Oleszkiewicz 1999a) . Even this extensive list is incomplete. The list should be treated more as the menu to choose from, rather than as a suggested sequence of processes. Many of the unit operations listed, even though shown in sequence, are sequentially incompatible. Other processes, such as electro-osmotic and acoustic conditioning and dewatering, high-energy electric arc disinfection, or enzymatic-alkaline hydrolysis, are still in the experimental phase. Still other processes, such as pyrolysis or deep shaft high-pressure stabilization, have limited full-scale experience but their cost-effectiveness against other technologies has not been assessed through a more formal value engineering approach.
A number of processes can be combined into one multiprocess unit operation. For example, biological stabilization may be achieved in a one-step process of alkaline composting, which will also accomplish disinfection, drying, and preparation of a value-added product. Alternatively, a drying centrifuge may achieve dewatering and drying with disinfection. The concept of combining the unit operations is particularly attractive for smaller installations where the manpower for complex series of unit operations is cost prohibitive.
The choice of the "right" process train should be made on the basis of comparison of total costs ($/t TS) necessary to achieve the desired quality for the selected mode of ultimate disposal. There are five sludge parameters with the biggest influence on the chosen process train which are (or would be) regulated in any disposal permit: (i) total solids content (TS), (ii) pathogen content, (iii) concentration of hazardous organic compounds, (iv) availability of suitable land for disposal (obviously not a factor in sludge incineration or production of dried solids for export), and (v) metals concentration. Besides land availability, all listed parameters can be changed through treatment to conform to the permit requirements. Economically, however, it is not possible to selectively remove metals and hazardous materials; the only way to solve problems with these constituents is through prevention and development of source-control programs for commercial and industrial wastewaters (WEF 1996) . Because there is still a need to remove these compounds from wastewater, if only to avoid huge costs of overdesign (e.g., of an aeration compartment in case of suppressed nitrification rate), all municipalities must be encouraged to implement rigorous source-control management programs. Partly due to these efforts, metal content in sludge throughout North America is decreasing, although some metals (e.g., cadmium, mercury, zinc) may still exhibit elevated levels.
Final disposal through beneficial use of biosolids on agricultural land is considered the preferred option by many environmental permitting agencies in Canada. There are, however "negative forces" that attempt to limit sludge-biosolids application on land. These include labelling biosolids "synthetic" when manure is being labelled "organic" by the agricultural community in the United States. This, combined with often ill-educated reporting in the media, led to idiosyncratic behavior, such as banning land application of biosolids. In Elbert County, Colorado, it took a year of negotiations to lift a ban on land application of Metro Denver sludge at a rate of 74 t TS/d (WEF Biosolids 1998). While there are scientifically justified voices advising caution in applying sludge (Harrison et al. 1999) , there is also a more emotionally charged anti-sludge lobby such as the National Sludge Alliance in New York (Orlando 1997) . To deal with such situations, a National Biosolids Partnership (NBP) has been formed in 1999 in the United States which combines under one umbrella environmental authorities, the agricultural community, an association of municipalities, sludge processors, and value-added product market developers. A nucleus ad hoc biosolids group, comprising various stakeholders, has been also been formed during Biosolids 2000, the 1st Canadian Biosolids Management Conference held in Toronto from 24 to 26 September 2000.
In Canada, the regulators (such as the Canadian Council of Ministers of Environment or CCME) are moving more cautiously and are looking at the more stringent standards existing in Europe. The trends towards land application are, however, the same. In Toronto, for example, where some 70% of sludge produced was successfully incinerated, the plans are to have 100% land application, partly in the form of stable, wet solids and partly as dried pelletized material (Iamonaco 2000) .
A large and ongoing effort to convince the public about the benefits of land-applied biosolids is constantly needed. Figure 2 shows the process necessary in deciding on the choice of the treatment train and final disposal. The following points assist in interpreting Fig. 2: • It may not be cost-effective to tolerate an offending industry that forces the municipality to abandon the disposal through land application. • Changing sociopolitical climate or ban on winter application may prevent disposal in wet form. A number of municipalities were suddenly forced to rethink their disposal options and look for an alternative disposal mode.
• In jurisdictions lacking definitive sludge quality guidelines, permits may be negotiated based on the USEPA regulations (USEPA 1994).
Sludge quantity and quality
A modern biological nutrient removal (BNR) plant will have a significantly different approach to sludge management from that of a conventional facility. Figure 3 illustrates the state-of-the-art arrangement, with a very approximate solids balance enclosed, just to show the rough quantities involved. Note five important new developments.
• Separate thickening of primary (PS) and biological waste activated sludge (WAS) solids (co-thickening of WAS and PS is not practised anymore).
• Primary clarifiers are always used to reduce the volume of the nitrification basin; the presence of primary solids in Fig. 1 . Some of the many unit processes available for sludge treatment (Oleszkiewicz 1999a) .
Fig. 2.
Diagram showing the process that must be used to decide on the choice of treatment train and final disposal. Choice of final disposal must precede the sludge train design process.
activated sludge leads to lower fractions of active biomass and a smaller nitrifier population.
• Utilization of PS for production of short-chain volatile fatty acids (SCVFA).
• Aerobic or mechanical thickening of WAS, with minimum residence time, to limit the release of nitrogen and phosphorus; dissolved air flotation (DAF) is often used in Canada.
• Treatment of return sludge liquors for phosphorus and (or) nitrogen removal, with the processes ranging from chemical precipitation and ammonia stripping, to separate online nitrification (return activated sludge (RAS) reaeration tank is often recommended for ammonia oxidation). Since one has little influence on the mass of primary sludge produced, especially with the mixed waste stream source, most of the work on sludge volume reduction focuses on the generation of WAS. The mass of WAS produced (expressed as volatile suspended solids, VSS) varies from 0.25 to ³1.2 kg VSS produced /kg BOD removed and depends on a number of factors, including the following (Oleszkiewicz 1998) : (i) type of wastewater treated, particularly the ratio of degradable to nonbiodegradable fractions of chemical oxygen demand (COD), where an increased fraction of nonbiodegradable particulate COD increases the overall mass of sludge produced; (ii) inherent biomass yield Y (g VSS produced /g BOD removed ), which depends on the nature of the biodegradable COD; (iii) solids residence time (SRT) in the system, where longer solids residence times result in less sludge being generated, as decay accounts for mineralization of organic matter; (iv) temperature, where a lower temperature leads to a larger mass of WAS being generated, as the decay (an internal metabolic process) slows down; and (v) type of process used, where processes involving anoxic and anaerobic zones with active reducing processes such as denitrification may produce less sludge per unit of removed BOD than a corresponding fully aerobic process (Jardin and Popel 1996) , but unfortunately there are also data that show the opposite trend (Lishman et al. 2000) .
The data in Fig. 3 are approximate and are provided only for illustration of the quantities involved. The biomass yield was assumed to be Y = 0.6, based on empirical design data . The nonbiodegradable part of total suspended solids (TSS) in the WAS was calculated to be 552 kg/d (Oleszkiewicz 1999b) . A full solids balance requires several iterations and is presented in detail by Metcalf and Eddy (1991) . It should also be noted that sludge quality depends on the type of wastewater treated and is particularly affected by the types of industry within the catchment area. Table 1 provides a partial characterization of "typical" raw sludges from domestic wastewater. Significant deviations from those numbers can be encountered in practice, particularly if industrial wastewaters are combined (Kiely 1997) .
The USEPA (1994) rule 503 limits for metals in Table 1 are for ceiling concentration limits (cc) and the "no adverse effects levels for land application" (NOAEL). The range of values actually encountered varies widely. The range for lead, for example, has been found to vary from 13 to 26 000 mg/kg TS. Drastic declines in metal contents have been observed in recent years in North America due to the implementation of tough sewer discharge bylaws (Bastian 1997) .
Volume reduction: thickening
Sludge particles contain water in various forms. Currently, four different forms are defined and can be determined analytically (Kiely 1997 ):
• Free, nonbonded water that can be removed easily by simple thickening, which increases the TS content from 1 to 4-8% TS. Some 75% of all water will be removed (ap- Fig. 3 . Elements of a simplified solids mass balance in a biological nutrient removal (BNR) plant (Oleszkiewicz 1999b proximately five times volume reduction achieved) with thickening to 4% TS.
• Bonded, capillary water that can be removed through mechanical dewatering. After dewatering to a 20% TS sludge cake (a minimum TS content to achieve a forkable product), some 95% of all water would have been removed from the sludge.
• Adsorbed, colloidal layer water that can be removed through mechanical dewatering after a proper conditioning polymer is added. Typical dewatering machines can achieve 22-35% TS. Advanced dewatering machines may deliver up to 40-45% TS sludge cake.
• Intracellular water that can be removed through drastic action such as thermal drying and sonification. Thermal drying removes most of that water, all the way to a final dry biosolids product with a water content of 2-8% H 2 O. One cannot overemphasize the benefits of thickening to the performance of the downstream processes. Separate gravity thickening of primary solids (with recovery of SCVFAs) typically produces a concentration of 5-6% TS, and some 4-5% TS can be achieved in DAF or mechanical thickening of WAS. Although a number of alternative mechanical thickeners are available and can be applied here ( Fig. 1) , DAF is the preferred option because introduction of air into WAS maintains conditions that prevent unwanted release of any accumulated phosphorus. The DAF option is used in many secondary wastewater treatment plants, including most BNR plants in Western Canada, because of easier biomass management in the BNR processes. In several plants, WAS is removed directly from the activated sludge tank straight into a DAF unit.
The quality of supernatant-subnatant, centrate, or filtrate from a WAS thickening operation is defined by the recovery ratio R, sometimes called solids capture. Defined as the percentage of incoming slurry solids incorporated into the thickened sludge, a typical R = 99% indicates that only 1% of the mass of incoming solids is returned back to the liquid treatment train, and 99% of that mass is captured in the thickened slurry. Polymers are typically used to improve solids separation and increase R and the TS content of the cake.
A comparison of thickening processes for a 10 000 m 3 /d stream of WAS from a 284 ML/d plant at East Bay in Oakland, California (Gabb 1998) , showed that DAF at a cost of US$190 000 had higher capital costs than gravity-belt or rotary-drum thickeners at US$120 000 -130 000, but was much less expensive than a centrifuge at US$750 000. DAF offered the highest recovery (at 98% TS) and lowest maintenance costs; however, it delivered lower TS, at 3.5% TS in the float, compared with 5% TS in the other machines.
Current full-scale applications may also involve "in-process thickening" to improve stabilization by concentrating and recycling the biomass. Such a process, called Torpey's recirculation process, was demonstrated at the 296 t TS/d sludge processing plant at the wastewater treatment facility in West Point, Seattle, Washington. The introduction of two centrifuges (Fig. 4) brought the TS input to the digester to 3.4% TS, compared with a typical 2.7% TS, and allowed for an increase in SRT to 21 d from the typical SRT of 13 d. This led to better stabilization and an increase in biogas yield from 197 to 211 L/kg volatile solids (VS) destroyed (Poling and Reynolds 1996) . Thickening effectively increased the throughput of the digester, without increasing the hydraulic residence time (HRT). Recent application of the Torpey process in Phoenix, Arizona, led to savings of US$1 620 000, the equivalent cost of a new digester (WEF Biosolids 1999).
Vector attraction reduction: stabilization
The processes that decrease putrescibility, i.e., vector attraction reduction (VAR), include aerobic and anaerobic diges- tion, alkaline treatment, some heat treatment, and incineration. Some of the high-temperature processes may be preceded by biological stabilization to recover energy or assure the highest quality and durability of dried solids. The definition of "stabilized" solids is not uniformly accepted. The USEPA uses the value of 38% reduction of volatile solids as the threshold for considering the sludge stabilized, based on the work of Koers and Mavinic (1977) . The current trend is to use processes which combine several unit operations in one stage. Thus, there has been a proliferation of thermophillic digestion processes and combination of processes (aerobic and anaerobic) which achieve stabilization, as well as disinfection. Thermal drying accomplishes essentially two operations, namely disinfection and moisture reduction. Although some equipment vendors claim that stabilization is also achieved during drying, most of the large generators of dried pelletized solids (Boston, Los Angeles, Toronto, Milwaukee, and Philadelphia) stabilize the sludge prior to drying. Unstabilized dried sludge, after wetting, may "regain" its vector attraction potential, unless large amounts of organics are volatilized in the drying process (which would have to be treated in an air pollution control system).
Anaerobic digestion
Anaerobic digestion is used mostly in a completely mixed, mesophilic mode (i.e., at 36-38°C) for municipalities with sewage flows exceeding 20 000 m 3 /d. The full efficiency (i.e., cost-effectiveness) of biogas utilization becomes pronounced above 50 000 m 3 /d. Since mesophilic digestion does not kill pathogens efficiently, some conventional configurations have recently been upgraded to thermophillic conditions (48-57°C); separate disinfection is also practised.
Technically, the seven-stage microbial process leading to methane generation can be simplified to two stages, namely acid production from hydrolyzed organics and methane generation from acetic acid and hydrogen. The rates of each step are different and fast accumulation of end products of one may inhibit the other. For example, accumulation of hydrogen gas will inhibit acid-producing bacteria. Fortunately, hydrogen is an important energy source for the methanogens and is rapidly consumed, unless the hydrogen-utilizing methanogens are inhibited by some toxicant. Sulfide, produced by sulfate-reducing bacteria (SRB), when present in the un-ionized gaseous form is a typical inhibitor of methanogens. Ionized sulfides, dominating at more alkaline pH, are not usually a problem up to concentrations as high as 500-1000 mg S/L (Hilton and Oleszkiewicz 1988) . The SRB utilize higher VFAs such as propionic and lactic acids, and some can actually utilize acetic acid, a substrate for methanogens. The presence of metals may lead to precipitation of sulfides. Given adequate time, the methanogens can acclimate to the presence of sulfides if the incoming sludge COD to S ratio is high enough (McCartney and Oleszkiewicz 1993) . Table 2 presents the optimum operating conditions for an anaerobic digester. Close temperature control at about 36°C is necessary for the chosen temperature regime, as variations exceeding 2°C lead to temporary cessation of methanogenesis. The thermophillic reactors may be somewhat more difficult to operate and more vulnerable to ammonia toxicity. The relationship between the key design parameters, solids retention time (SRT) and volumetric loading, has been recently elucidated in a full-scale test in King County, Washington. For the tests with SRT equal to 14.9, 17.4, 34, and 81.4 d and corresponding loads (kg VS/(m 3 ·d)) of 2.7, 2.4, 1.4, and 0.6, the respective destruction of VS was 52.2, 52.4, 54.5, and 57.2% (Butler et al. 1999) . Clearly no benefit of a long SRT (larger tank) could be documented at mesophilic temperatures. Mixing and contact opportunity are paramount, hence the proliferation of the European, hydraulically more efficient (although more expensive to build) eggshaped digesters (Brinkman and Voss 1999) .
Maintaining the parameters listed at other than optimum design levels will lead to less than optimum performance of the digester. In search of improved VS destruction, pathogen inactivation, and decrease of the required detention time, a variety of novel reactor configurations are being tried (Fig. 5) . To bring the sludge to class A, usually a series of two reactors are used, such as in Fig. 5A , where two thermophillic reactors provide a barrier against the breakthrough of pathogens. Such a series arrangement is used in the new Annacis Island plant in Vancouver, British Columbia. A number of larger plants have upgraded to class A by introducing a very short HRT (typically under 1 d) thermophillic aerobic digester (TAD) (Fig. 5B) . The TAD is operated in such a way as to minimize oxidation of VFA produced, thus increasing the overall production of biogas from the existing anaerobic mesophilic reactor. The process is commonly known as a "dual-digestion" system. An optional pasteurization system (usually steam is used) treats sludge at 70°C for over 30 min prior to mesophilic digestion. Such a system, already quite popular in Europe, is being installed in Franklin County, Pennsylvania (M. Roediger, personal communication, 2000) .
In a full-scale, acid-phase hydrolysis system (Fig. 5C ), located in the Woodridge wastewater plant, DuPage County, Illinois (Gosh and Buoy 1993) , sludge fed to the first reactor had 7% TS; the SRT was 1.8 d, producing some 10 g/L of volatile acids at pH 5.6. The second digester had a 20 d SRT and pH 7.7, with a load of 2.7 kg VS/(m 3 ·d). Total production of gas doubled over the previous mesophilic reactor and was equal to 0.7 m 3 /kg VS added (65% CH 4 ). In a full-scale operation of a 12 000 m 3 /d, phased-temperature system (also Fig. 4 . Recuperative thickening (also called Torpey's process) recycles active biomass and increases solids residence time (SRT) without increasing the size of the digester (Poling and Reynolds 1996) . HRT, hydraulic residence time.
called temperature-phased anaerobic digestion or TPAD) for Newton, Iowa (Fig. 5C ), a drop in Escherichia coli numbers (MPN) from 21 × 10 6 /g TS in a mesophilic reactor to less than 100/g TS in a thermophillic reactor was reported by Han and Dague (1996) . The thermophillic reactor was designed for 5-10 d SRT, followed by a 10-15 d SRT mesophilic reactor. Duran and Speece (1997) showed superior supernatant quality from a 55°C to 35°C staged system than from a 35°C to 55°C system. One of these TPAD dualdigestion systems with thermophillic pre-treatment has been operating successfully in Sturgeon Bay, Wisconsin (T. Stebor, STS Consultants, personal communication, 2000) .
A number of WAS disintegration systems are presently being tested (e.g., Kopp et al. 1997) . All show some improvement in the sludge digestion rate, allowing for shorter required SRT and larger VS reduction. The usually larger polymer demand for dewatering was compensated by the higher TS in the cake (Figs. 5D, 5F ). Pilot-scale sodium hydroxide hydrolysis of WAS, followed by combined digestion with PS, showed that the SRT could be decreased from 25 d (without hydrolysis) to 10 d with alkaline pre-treatment (Mavinic et al. 1995) . A new full-scale pulse power electric arc technology installed in Decatur, Alabama, was reported by a vendor to double methane production and volatile solids destruction (Greene 1995) (Fig. 5E ). An added advantage was pathogen kill due to cell breakup, although the Ascaris eggs were found to be resistant. A number of bench-scale studies using ultrasound technology have demonstrated increased methane production and VS reduction, due to the availability of organics released after disintegration of cells walls (Tiehm et al. 1997 There are several proprietary processes (e.g., the Cambi process used in one of the London, England, plants and presently installed in Dublin, Ireland) that aim to disintegrate the activated sludge cells through pressurizing the sludge and then releasing the liquid into an expansion tank where the cells rupture. Data comparing the effectiveness of various pre-treatment options are not yet available; however, as these processes become more common it is clear that single-stage mesophilic digestion is still an acceptable method of stabilization, provided that some pre-treatment aiming at greater VS destruction and pathogen inactivation is employed.
There are, of course, a number of post-digestion technologies that will effect pathogen kill. The most popular in practice is high-dose alkaline stabilization (e.g., 300 g lime/kg TS); however, recent studies demonstrate that long-term storage with or without a small alkaline dose (as little as 30 g/kg TS or 10 g lime/kg wet dewatered solids) may be adequate (Bujoczek et al. 2000) . The City of Chicago has demonstrated that class A sludge can be obtained after prolonged (1-3 years) storage on drying beds and lagoons (Tata et al. 2000) .
Aerobic digestion and composting
This process has been practised as simultaneous digestion in extended aeration plants and as a separate ambienttemperature or thermophillic process. The simultaneous digestion approach is not practised anymore, since maintenance of long SRTs in activated sludge makes biological nutrient removal (except for nitrification) difficult, mainly due to filamentous growth. Ambient-temperature digestion is often misunderstood, as the designers do not follow the Koers and Mavinic (1977) temperature -retention time relationship (Metcalf and Eddy 1991) . Based on that empirically derived curve, 38% of volatile solids reduction can be achieved after approximately 400°C·d. At an ambient temperature of 10°C this translates to 40 d retention, which is seldom seen in full scale. Since incomplete digestion (10-20 d are usually used) may actually lead to deterioration of sludge dewaterability (Vesilind 1979) , the process has developed a poor reputation. The ambient-temperature digestion should have an adequate SRT of ³ 25 d and provisions for denitrification, since prolonged oxidation leads to nitrification and pH decrease due to acidic product accumulation in the digesters. Operation in a sequencing batch reactor (SBR) mode, where denitrification takes place during the fill phase, may allow some alkalinity recovery; in extreme cases, alkalinity addition such as lime may be necessary. The latter may also help to retain phosphorus in the sludge, which otherwise would be returned to the front end of the plant in the supernatant (Anderson and Mavinic 1987) .
The use of thermophillic processes (56°C × 7.2 d = 400°C·d) is gaining popularity, based on successful performance of several installations in Western Canada. First popularized in Germany, autothermal (thermophillic) aerobic digestion (ATAD) relies on the generation of heat by the bacteria during oxidation when the feed sludge is concentrated to above 4% VS (45-100 g/L COD). The reactors must be arranged in a series of at least two reactors (a number of three-reactor systems have been installed recently), with the temperature in the first being 50-55°C and in the second 55-70°C. However, there is some debate as to the usefulness of the higher temperatures, since excessive inactivation of all bacteria may lead to pathogen regrowth problems. Nitrification does not occur at these temperatures. Typical design conditions (WEF 1998) include the following: load 6-20 kg COD/(m 3 ·d), air supply 4 m 3 /(m 3 ·h), and power for mixing 100-150 W/m 3 . Canadian experience indicates complete pathogen inactivation, low specific oxygen uptake rate (SOUR) of 0.2-0.7 mg O 2 /(g TS·h), and VS reduction exceeding 40% (Kelly et al. 1993; .
A combination of the aerobic thermophillic digestion and anaerobic mesophilic digestion has been successfully implemented in Lebanon, Tennessee (Currie 1997) (Fig. 6) . The process is an ideal upgrade of sludge to class A. The addition of a small (±1 d retention time) aerobic reactor is a relatively minor price to pay for pathogen inactivation without the use of chemicals. The process is run at reduced air requirements to maximize gas production in the anaerobic stage.
Kelly (2000) compared ATAD to thermal drying and the thermochemical process for pathogen disinfection. ATAD was by far the most cost-effective technology and one that offered stabilization and pathogen inactivation.
Digestion of sludge in a solid phase in an autothermal mode is called composting. A number of aerobic windrow composting plants operate in Canada with mixed success. Due to odor problems from open-air windrows the designers often opt for in-vessel composting. These have also been plagued with problems. Some, like the vertical cylindrical reactor systems, suffer because of excessive compaction at the bottom which leads to low oxygen permeability and an inferior product.
In all composting operations, sludge has to be augmented with a bulking agent that increases the voids ratio such that total solids are at 40-50% TS. Wood chips are usually used as bulking agents; however, the organic fraction of solid wastes is also becoming popular. A relatively simple process, composting is performed at temperatures of 47-60°C by a mixture of bacteria, actinomyces, and fungi. It requires a proper ratio of C:N, usually above 25:1. In mature compost the ratio should decrease to below 20:1 and SOUR should be below 150 mgO 2 /(g TS·d). Composting can also be conducted in an anaerobic regime with considerable recovery of energy. A number of full-scale anaerobic composters operate in Europe, treating sludge with manure and the organic fraction of solid wastes. The solids level is kept usually above 35-40% TS, with typical gas yields of 200-300 L/kg VS fed (Oleszkiewicz and Poggi 1997) . Anaerobic composting or digestion may be followed by an aerobic curing or aerobic composting to oxidize the reduced products of the anaerobic processes. Alternative co-composting processes, such as the Canadian Subbor Process, utilize cell destruction to effect a higher degree of mineralization .
Return sludge liquors
In a modern BNR plant, sludge liquors present a significant potential problem, particularly if the initial ratio of COD to P in raw wastewater is below 40:1 and there are inadequate amounts of VFA in the influent. Sludge liquors from anaerobic and aerobic processes contain significant amounts of nitrogen (up to 1200 mg/L) and phosphorus (up to 200 mg/L), accounting for 10-30% of the influent load. In many plants special measures are taken to remove ammonia nitrogen by stripping or using in-stream nitrification with return activated sludge, so-called RAS reaeration (Reid Crowther & Partners Ltd. 1999) . Head et al. (2000) demonstrated significant savings in activated sludge reactor size when nitrification of centrate was used, due to the nitrification seeding effect.
Lime may be used to precipitate phosphorus. It should be stressed that treatment of return liquors must be justified by economic analysis, based on the balance of available carbon and the nitrification requirements. A unique method consists of struvite (magnesium ammonium phosphate or MAP) precipitation-crystallization. This normally nuisance, stone-like deposit that coats dewatering equipment can be made to precipitate within a sludge matrix through the use of magnesium oxide, temperature shock, or seeding in an upflow-type reactor. A full-scale upflow MAP-crystallization reactor was used to treat centrate from a 34 000 m 3 /d plant practising BNR and anaerobic digestion (Fukase 1997) .
Disinfection through composting and drying
Disinfection of biosolids can be achieved through biological treatment, chemical treatment, application of heat, radiation, and long-term storage. Biological treatment at thermophillic temperatures points to stronger resistance of pathogens to higher temperatures in aerobic conditions than in anaerobic conditions; however, ³ 57°C seems to be the threshold lethal temperature for Ascaris eggs (a major benchmark) in both regimes (Table 3) . Mesophilic conditions tend to decrease pathogen content and perhaps weaken them, but the infectivity remains. The USEPA (1994) requires the following: • Under class B using either in-vessel, static aerated pile, or windrow composting, the temperature in the compost pile must be held at 40°C or greater for 5 d and must exceed 55°C for 4 h during these 5 d.
• Under class A, using either in-vessel or static aerated pile composting, the temperature of the biosolids must be held at 55°C or greater for 3 d. Two issues are dominant in composting, namely odor control and marketing of the finished product. Municipalities often opt for in-vessel processes, with mechanical mixing, to provide odor control and pathogen inactivation superior to the windrow or even static pile process. In most cases, invessel composting takes place in at least two reactors in series, for 10-14 d, followed by a long maturation period, often in windrows, in a ventilated building. Although often tried, composting is probably not very suitable for small plants due to concerns with maintaining adequate quality control of the end product, and thus creating an increased risk to the public.
Thermal drying reduces the amount of water to below 8%, resulting in a granular product of 92-98% TS (Fig. 7) . Typically, for direct and indirect drying (indirect indicating Can. J. Civ. Eng. Vol. 28 (Suppl. 1), 2001 Fig. 6. Thermophillic aerobic digestion (TAD) pre-treatment prior to anaerobic mesophilic digestion applied in Lebanon, Tennessee (after Currie 1997) . H/E, heat exchanger.
that the sludge is not in direct contact with the heating medium such as oil or steam), dried, pelletized solids are recycled and coated with incoming wet sludge solids of relatively low solids level (20-25% TS).
The last decade saw an emergence of dried biosolids on the horticultural market from treatment plants in Houston, Boston, New York, Tampa, Los Angeles, and many others (Outwater 1994) . The market for stabilized dried pellets has been developing since 1935 when the City of Milwaukee, Wisconsin, started distributing Milorganite. Despite the high price (the retail price was Can$2000/t TS in 1999 in Winnipeg) , the operation appears to be economical. Production costs for dried biosolids usually do not exceed Can$200-450/t TS plus the cost of transportation and any additives. These costs are susceptible to the economy of scale. Even though the annual production is now approaching 0.5 Mt TS in North America, the market capacity is estimated at 50 Mt TS/year (Maestri and Graton 1996) . The largest European indirect dryer was to have been commissioned in Barcelona, Spain, early in 2000. A similar indirect multiple-shelves drying system (not shown in Fig. 7 ) for 7.5 t/h was also to have been commissioned in early 2000 for the San Miguel Plant in Sao Paulo, Brazil (Collier 1999) . Anaerobic digestion precedes drying in the San Miguel facility, providing biogas. Due to transportation costs, drying appears to be the technology of choice for larger plants; however, recent developments in indirect drying have allowed plants with wastewater flows as small as 20 000 m 3 /d to use this technology. Canadian facilities for drying unstabilized sludge operate in the Outaouais Region and at Smith Falls, Montréal, Quebec City, and Windsor. The dryers installed at the Ashbridges Plant in Toronto will treat half of their anaerobically digested and dewatered biosolids (Iamonaco 2000) .
The field of disinfection and volume reduction is currently expanding rapidly. One of the most promising technologies is the Unity process (J.C. Burnham, J.C. Burnham Company, Naples, Florida, personal communication, 2000) in which sludge is used to quench the commercial fertilizer producing reaction of anhydrous ammonia with sulfuric acid. The product sells at US$50/t TS on the agricultural market, and the company makes money when they get US$100/t tipping fee. The City of New York sends trainloads of sludge for processing into this organic ammonia fertilizer. Slowly the thinking in the industry is changing towards the value-added product, with a more sincere look at the needs of the user.
Volume reduction: dewatering
The number of options for dewatering sludge is large (Fig. 1) . Recently, the dewatering industry has produced a new generation of machines that combine dewatering and pressing (e.g., CentriPress) and others that add a drying feature (e.g., the CentriDry or an infrared-heated belt filter press). To make the right choice, an in-depth knowledge of the sludge conditioning process is required so that the machine can be tailored to the desired final disposal, at the lowest cost per tonne. Table 4 shows the results of polymer dose studies for three cities and various machines. Based on work presented in Table 4 , the following conclusions can be made: there are no typical sludges, full-and pilot-scale studies are needed to compare machine performance, digested sludge exhibited lower polymer requirements, and polymer doses were 100% different for the same sludge and different machines. In the same study, Andreasen and Nielsen (1993) developed cost data and found that the more expensive pressing centrifuges or membrane filter presses are costeffective only in cases where transportation costs dictate a very dry cake (TS > 35%). Otherwise, "regular" dewatering machines delivering ³ 22% TS cake were found to be more cost-effective. Recent full-scale side-by-side tests of a number of machines dewatering digested biosolids from the BNR plant in Pruszkow, Poland, have clearly demonstrated the superiority of a press centrifuge over other dewatering equipment, mainly because of high transportation costs and high tipping fees (M. Bieniowski, personal communication, 2000) .
The choice of dewatering device is also defined by the size of the plant. Smaller plants require mechanical simplicity, minimum supervision, and easy maintenance, whereas larger plants require the driest cake achievable and the lowest cost per ton. A big factor is the contact of the operator with the sludge and sludge odors. Since attention to the operator's comfort traditionally favored closed centrifugation systems, other manufacturers are beginning to hermetically seal the belt filter presses (BFP) and the whole sludge conditioning and delivery system. Two new (on line in year 1999) advanced BNR plants for the cities of Gdansk and Krakow in Poland are operating hermetically sealed belt filtration machines for both thickening and dewatering.
Biosolids process train
Any full process train will be determined by the required quality for final disposal. The assumption that class A solids are to be produced considerably narrows the choice. When maximum stabilization with disinfection is required, thermophillic processes will be the prime choice, aerobic for smaller plants and anaerobic for larger plants. Composting is an option; however, it is far less developed or successful than ATAD or thermophillic anaerobic digestion. The introduction of sludge drying into smaller scale plants will simplify the train by eliminating the need for biostabilization; however, care is needed to keep the solids from being wetted prematurely due to odor generation potential. In all cases marketing becomes the ultimate issue, determining the economic success of land application or value-added processing. Biosolids disinfection is slowly making inroads; however, relatively high operating costs may offset the low Table 3 . Predicted detention times for complete inactivation of Ascaris eggs in aerobic and anaerobic digestion processes (Reimers et al. 1999 ).
start-up costs. Unless a full biosolids to soil process is developed (such as some alkaline processes), chemical treatment would be, at best, a temporary measure. The costs of biosolids treatment are substantial but do decrease with size. Economy of scale drives municipalities to consolidate solids processing from smaller plants into one group facility (e.g., in Winnipeg, New York, or San Diego). The centralizing trend is beneficial for both small and large facilities. The recently commissioned Can$9.5 million Goddards Green, United Kingdom, sludge processing plant employs anaerobic digestion and drying of 7000 t TS/year delivered by tanker trucks from 80 outlying works (Smith 1999) . In continental Europe, where land for biosolids application is not always available, regional gasification or incineration facilities are being built. The 75 000 t TS/year Dordrecht, The Netherlands, sludge incinerator handles dewatered solids from up to 80 facilities (Dirkzwager et al. 1997) . The world's largest incinerator, recently commissioned for 120 000 t TS/year in Noord-Brabant near Rotterdam, receives dewatered sludge, which is then dried in disc dryers to 40% TS and incinerated in a fluidized-bed incinerator. In Canada, incineration, although one of the best technologies for ultimate resolution of the "sludge problem," has received such bad press that, regardless of the voice of reason, it will probably have no immediate future. Figure 8 illustrates some choices presently available to plants with wastewater flows larger than 50 000 m 3 /d. All of the processes illustrated have been in operation in various locations in North America. The use of mesophilic, anaerobic digestion is still very common and, interestingly, a number of facilities are keeping the digesters for energy recovery in trains where solids are dried and pelletized (e.g., in Los Angeles). Proliferation of alkaline stabilization processes, in response to the official policy of improving solids quality to land application standards, led to the emergence of numerous companies offering processes without up-front biological stabilization; however, some do practice alkaline composting in the post-treatment maturation stage (process E, see Fig. 8 ). Using very large doses of lime or cement kiln dust the processes generate an alkaline, soil-like material, significantly increasing the volume of solids for disposal. Novel processes are continuously being introduced, such as the strong acid and alkali treatment for flash water evaporation and disinfection-drying (J.C. Burnham, J.C. Burnham Company, Naples, Florida, personal communication, 2000) .
The most difficult situation is faced by the smallest plants, Can. J. Civ. Eng. Vol. 28 (Suppl. particularly those in remote locations. One-stage thickening, dewatering, and drying in bags is one recent development worth mentioning for plants under 1000 m 3 /d (Oleszkiewicz 1999b) . Solids pickup and disposal by the third party is another option gaining popularity.
Summary and conclusions
The current emphasis on sustainable development has led to the renaming of "sludge" after stabilization and dewatering to "biosolids," with far-reaching technological consequences. Treated as a valuable resource, the sludge today is processed through a variety of novel unit operations leading to a safe, aesthetically pleasing, and sought-after product. The product mentality changes the approach and the market-driven technologies offering designer organic fertilizer are emerging. Treatment plant personnel must now be concerned with the ultimate quality control, not only in-plant but also of the solids that are being received and sent out. The design engineer is concerned first with the ultimate disposal and utilization of the biosolids, providing at least two options for the final disposal. Volume reduction, stabilization or vector attraction reduction, and pathogen inactivation are the key goals; process trains combining them into one unit process are the target technologies. Drying may now be applied at much smaller plants because of the introduction of indirect dryers which do not have the air pollution problems of the direct dryers still used at larger plants.
Stabilization in newer plants is preferably combined with disinfection at thermophillic temperatures, in anaerobic and particularly in aerobic regimes. Dewatering is now available with drying bags and vacuum drying beds for the smallest plants, with larger plants benefiting from an array of new devices offering sludge cakes as dry as 22-45% TS; this will depend on the quality of sludge, polymer conditioning program, and machine parameters. Despite all of the recent advances, the axiom first put forth by Vesilind (1979) , "there are no typical sludges," still holds true and can be expanded to say that there are no universal "proper" residuals treatment and management schemes. This should spell relief to all design consultants fearing that the "off-the-shelf" solution is around the corner. Emphasis on cost reduction with simultaneous demand for an excellent quality product are still a formidable task for any municipality and design engineer. 
